ABSTRACT BACKGROUND Post-ischemia/reperfusion (I/R) myocardial edema was recently shown to follow a consistent bimodal
The post-I/R myocardium is characterized by an intense edematous reaction confined to the postischemic region (3) (4) (5) (6) (7) assumed to appear early after I/R and persist in stable form for at least 1 week (8, 9) .
It has been used both experimentally and clinically as a marker of ischemic "memory." Noninvasive evaluation of this post-I/R edematous reaction has become possible with the development of T2-weighted and T2-mapping cardiac magnetic resonance (CMR) sequences able to accurately detect increases in water content (10) (11) (12) . Innumerable clinical and experimental reports have been based on the unimodal hypothesis of a persistent edematous reaction during the first week after I/R. However, we recently showed that the post I/R edematous reaction is not constant, but rather follows a bimodal pattern, with an initial wave of edema appearing abruptly on reperfusion and dissipating at 24 h, followed by a deferred wave of edema appearing several days after I/R, increasing to a maximum on post-reperfusion day 7 (13) . These experimental observations challenge the accepted view (14) and call for a mechanistic study to unravel the pathophysiological mechanisms underlying this newly recognized phenomenon.
In the present study, we used a large animal model 
RESULTS

DYNAMICS OF TISSUE CHANGES DURING THE FIRST
WEEK AFTER REPERFUSED MI. To characterize changes associated with the 2 waves of edema, we first studied histological changes during the first week after standard I/R. Samples for this analysis came from a group of animals whose bimodal CMR and water content results were previously reported (13) . The time course of tissue changes in the post-I/R myocardium is summarized in Table 1 and illustrated in Figure 2A with representative staining images in Figure 2B . The density of infiltrating neutrophils was maximal at 24 h post-I/R and remained high at day 4 
min Ischemia/ Reperfusion
The study population comprised 8 groups of pigs (n ¼ 5 per group). Groups 1 to 5 were used for the histopathological characterization of myocardial tissue changes during the first week post-ischemia/reperfusion. Groups 6 to 8 were used to decipher the mechanisms underlying the bimodal edematous reaction in the first week after ischemia/reperfusion. Cardiac magnetic resonance (CMR) scans were performed at all follow-up stages until sacrifice, so that animals sacrificed at day 7 underwent baseline, 120 min, 24 h, day 4, and day 7 CMR. CMR data and myocardial water content from animals in groups 1 to 5 have been reported previously (13) .
IV ¼ intravenous. Fernández-Jiménez et al.
Mechanisms of Post-I/R Edema In agreement with the outcome of acute occlusion experiments, T2 relaxation times in the ischemic region on 120-min CMR were significantly lower in nonreperfused pigs, whereas T2 relaxation times at 24-h CMR did not differ between nonreperfused and reperfused pigs. Thereafter, T2 relaxation times diverged; at day 4, a trend toward lower T2 relaxation Mean differences in absolute water content at 120 min from ischemia onset between the ischemic and remote myocardial regions were 5.2% for reperfused pigs and 1.5% for nonreperfused pigs (A); the latter showed an z70% lower relative increase in myocardial water content in the ischemic area. The nonreperfused pigs also demonstrated significantly lower 120-min cardiac magnetic resonance T2 relaxation times in the ischemic region (B). Representative T2-weighted triple short-tau inversion recovery (STIR) and T2-mapping images (C) from representative pigs subjected to ischemia with reperfusion (40-min ischemia plus 80-min reperfusion) and with no reperfusion (120-min ischemia). Data are mean AE SEM; all T2 maps were scaled between 30 and 120 ms. Representative images of ischemic myocardial tissue stained with hematoxylin and eosin from 2 reperfused (D, top) and 2 nonreperfused (D, bottom) pigs sacrificed at 120 min after ischemia onset. Note the evident increase in extracellular space, most probably caused by extracellular edema, in reperfused pigs compared with nonreperfused animals.
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A ischemia onset is summarized in Table 2 . 
T2 (ms)
Permanent coronary occlusion altered the dynamics of serial cardiac magnetic resonance T2 relaxation times in the ischemic region as it is shown by these representative T2-mapping images from reperfused and nonreperfused pigs for all time points. All T2 maps were scaled between 30 and 120 ms.
Abbreviations as in Figures 2 and 4.
Fernández-Jiménez et al. (4) is exhausted after 24 h; moreover, these processes can be visualized and These data indicate that myocardial water content may not be the only factor influencing post-infarction T2 relaxation time. The fact that the interstitial hemorrhage was more pronounced at 24 h than early after reperfusion ( Table 2 ) suggests a possible contribution from the well-described paramagnetic effect of hemoglobin denaturation products (17) .
Mechanisms of Post-I/R Edema
We hypothesized that the deferred wave of edema might be related to early healing, a process coinciding with the deferred edema wave. To test this hypothesis, we used 2 independent strategies to manipulate this biological phenomenon: high-dose steroid therapy and absence of reperfusion. Steroids are well known to interfere with collagen deposition in healing infarcts (18, 19) and absence of reperfusion is Mean differences in absolute water content between the ischemic and remote myocardial regions were 5.1% in reperfused nontreated pigs and 2.8% in reperfused steroid-treated pigs (A); the latter showed an z45% lower relative increase in myocardial water content in the ischemic area. Absolute T2 relaxation times in the ischemic myocardium during the first week post-I/R were similar in nontreated and steroidtreated pigs (B). Data are mean AE SEM. Masson trichrome staining of ischemic myocardium sections taken from nontreated (top) and steroidtreated (bottom) pigs on day 7 post-I/R (C). Steroid treatment showed a lower collagen density in the lesion area (D). The chart shows data from individual animals together with mean AE SEM. Abbreviations as in Figure 4 . NS ¼ not significant; other abbreviations as in Table 1 . 
A B
Two distinct waves of edema emerge within the first week after ischemia/reperfusion (I/R) because of different pathophysiological processes.
The initial wave, appearing abruptly on reperfusion, is a direct consequence of the reperfusion process itself, whereas the deferred wave, appearing progressively days after I/R, is mainly caused by tissue healing processes. (A) Reperfusion is associated with a very abrupt edematous reaction that separates myocardial fibers from each other, resolving by day 1. Post-infarction, an initial neutrophil infiltration (peaking by day 1) is followed by macrophage infiltration (peaking by day 4). From day 4 on, necrotic cardiomyocytes are progressively replaced by granulation tissue and collagen. (B) Myocardial water content was evaluated by histology. Boxes represent water content measurements in pigs; blue ¼ regular I/R protocol; salmon ¼ permanent coronary occlusion (nonreperfused myocardial infarction; initial edema wave abrogated, deferred wave significantly attenuated); green ¼ I/R plus steroid therapy (deferred wave significantly attenuated).
The lines show cardiac magnetic resonance T2 relaxation time course in the ischemic myocardium; blue ¼ first week after infarction (2 peaks closely track the water content changes); salmon ¼ nonreperfused myocardial infarction (both waves of cardiac magnetic resonance-evaluated edema significantly attenuated); and green ¼ I/R plus steroid therapy (continuous line after initiation of therapy). In this last case, T2 relaxation time does not track attenuation of the deferred wave as evaluated by the histological reference standard, highlighting the need for caution in interpreting cardiac magnetic resonance analysis of the post-myocardial infarction heart. Double arrowed line ¼ discrepancy between water content and T2 relaxation time at day 7 in steroid group. NoR ¼ no reperfusion. Mechanisms of Post-I/R Edema
